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ReviewCryptochromes: Enabling Plants
and Animals to Determine
Circadian Time
can alter the phase, the time of peak activity, of these
rhythms. The molecular basis of this rhythmic activity
commonly involves a transcriptional feedback loop; the
positive and negative regulatory components of these
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negative regulatory components of the central oscillator,
and examples of positive regulatory components are
the mammalian transcription factors CLOCK and BMAL.Cryptochromes are flavin-containing blue light photo-
Given that light can mediate entrainment of circadianreceptors related to photolyases—they are found in
rhythms, it follows that there must be photoreceptorsboth plants and animals and have recently been de-
that mediate these processes. In Arabidopsis, a role inscribed for bacteria. In plants, cryptochromes perform
circadian entrainment has been demonstrated for CRY1a variety of functions including the entrainment of cir-
and CRY2, as well as for the phytochromes (the red/far-cadian rhythms. They serve a similar role in Drosophila
red photoreceptors) PHYA and PHYB (Somers et al.,and mammals, where the cryptochromes also perform
1998). The fact that in plants multiple and quite diversean additional function as an essential component of
plant photoreceptors mediate entrainment is a themethe circadian clock.
that is duplicated in animals.
The discovery of cryptochromes in animals resultedCryptochromes were first discovered in Arabidopsis
from two independent lines of investigation. Todo (1999)where a mutation conferring a deficiency in blue light
described for Drosophila a divergent class of photoly-signaling was shown to reside in a gene encoding a
ases that repair (6-4) pyrimidine dimers, a minor productprotein with similarities to photolyases (Ahmad and
of UV-B irradiation of DNA. Related (6-4) photolyase-Cashmore, 1993). The latter are flavoproteins that medi-
like genes were described for humans. However, theate the repair of pyrimidine dimers, generated as a result
proteins encoded by these human photolyase-likeof exposure of DNA to UV-B light (Sancar, 2003). This
genes lack any detectable photolyase activity, and itDNA repair activity of photolyases is dependent on irra-
was proposed by Hsu et al. that the human photolyase-diation with blue or UV-A light and results from transfer
like sequences were cryptochromes (see Todo, 1999;of an electron from the photolyase bound flavin to the
Van Gelder, 2002). It was shown that the cry1 and cry2damaged pyrimidine dimer, which then undergoes isom-
genes in mice are expressed in many tissues and organs,erization to yield the monomer; the electron is returned
including the retina. In the latter case, this expressionto the photolyase (Figure 1). In these respects, photoly-
contrasted with that of opsin, the latter being found inases are photoreceptors mediating blue light-depen-
the inner segment and outer nuclear layers, whereasdent redox reactions, and in view of the similarities be-
expression of the cryptochromes, especially that of cry2,tween the Arabidopsis cry1 gene and photolyases, it
being relatively high in retinal ganglion cells (Miyamotowas proposed that CRY1 was also a blue light photore-
and Sancar, 1998). A subset of these retinal ganglionceptor. Cryptochromes lack the DNA repair activity of
cells (RGCs) project to the suprachiasmatic nucleusphotolyases and, at least in plants, cryptochromes are
(SCN) and are now known to be the photosensitive cellscharacterized by a distinguishing C-terminal extension
required for entrainment of the circadian clock (Berson(Cashmore et al., 1999; Lin and Shalitin, 2003). Here,
et al., 2002). Oscillation of cry1 expression is observed
some of the earlier findings concerning plant and animal
in the SCN, the site of the central oscillator of the mam-
cryptochromes will be described, and I will discuss the
malian circadian clock. Thus, cryptochrome appeared
somewhat contentious issue concerning whether or not to be produced in those cells and tissues required for
mammalian cryptochromes function as photoreceptors. entrainment and functioning of the master clock. This
In reference to this latter topic, I will discuss two recent conclusion reflects that in mammals, in contrast to flies,
publications describing the role of rhodopsins and mela- circadian photoperception is dependent on the eye.
nopsin in circadian photoperception (Hattar et al., 2003; However, this perception of light does not require op-
Panda et al., 2003). sins, the classical visual photoreceptors, exemplified
The current interest in cryptochromes reflects, in part, by the fact that blind individuals can overcome jet lag
the role they perform in circadian rhythms. These daily through exposure to sunlight. With this background
rhythms in behavioral and physiological responses oc- knowledge and in view of the similarities to Arabidopsis
cur in plants and animals, as well as bacteria. A distin- CRYs, it was suggested that the role of mammalian
guishing characteristic of such rhythms is that in nature, cryptochrome was that of a blue light photoreceptor
they maintain a precise 24 hr period, in part through the mediating the entrainment of circadian behavioral
entrainment by light. An additional feature is that when rhythms (Miyamoto and Sancar, 1998).
organisms are placed in constant darkness, they con- In parallel to the above studies, independent observa-
tinue to display rhythmic behavior in the complete ab- tions were made in flies. A mutation in a new (6-4) pho-
sence of any environmental cues. Brief exposure to light tolyase-like cryptochrome gene was identified through
a genetic screen for new mutants that showed altered
circadian properties. This cryb mutant showed deficien-*Correspondence: cashmore@sas.upenn.edu
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Figure 1. Mode of Action of Photolyase
The light harvesting chromophore (MTHF; 5,10-methenyl tetrahy-
drofolate) is excited by absorption of light, and the resulting excita-
tion energy is transferred to the flavin (the catalytically active form
of this is the anionic fully reduced FADH). This flavin can also be
excited by direct absorption of light. The excited flavin transfers
an electron to the damaged pyrimidine dimer that, subsequent to
isomerization and generation of a monomer, returns the electron to Figure 2. The Isolated CCT of Arabidopsis Cryptochrome Functions
the flavin. Constitutively
(A) The long hypocotyl (stem) and unopened cotyledons of a dark-
grown Arabidopsis seedling are shown along with the inactive “dark”
cies in circadian rhythms, and it was proposed that the form of the CRY molecule.
(B) A seedling grown under blue light exhibits a shortened hypocotylDrosophila cry gene served as a circadian photorecep-
and opened cotyledons. The effect of light on CRY is to activatetor (Stanewsky et al., 1998). Related studies showed
CCT; this activation presumably resulting from a light-dependentthat expression of the cry gene was circadian regulated
flavin-mediated redox reaction.and, furthermore, transgenic flies overexpressing the
(C) The COP phenotype of a dark-grown CCT-expressing transgenic
cry gene were seen to exhibit an increase in circadian Arabidopsis seedling on the right is compared with the dark-grown
photosensitivity (Emery et al., 1998). wild-type seedling on the left. CCT in the transgenic dark-grown
seedling is presumed to be in the active form characteristic of that
in CRY molecules in light-grown seedlings.Arabidopsis Cryptochrome Functions through
Negatively Regulating Its Signaling Partner, COP1
In early studies, it was presumed that plant crypto-
chromes would function in a manner similar to that of like a component of an E3 ubiquitin ligase (Wang et al.,
2001; Yang et al., 2001). COP1 binds to HY5, a bZIPphotolyases. Namely, it was assumed that crypto-
chromes would mediate a light-dependent redox reac- transcriptional regulator that binds to the promoters of
several genes that are expressed during photomorpho-tion with an electron being transferred from the bound
flavin to a signaling partner, the latter likely being bound genesis. This binding of COP1 to HY5 in the dark facili-
tates proteasome-mediated degradation of HY5. In light,by the distinguishing C-terminal domain (Cashmore et
al., 1999). In contrast to this line of thinking was the in a CRY1-dependent manner (in the case of blue light),
this COP1-dependent and proteasome-mediated deg-demonstration that transgenic plants expressing the
C-terminal domain (CCT) of Arabidopsis cryptochrome radation of HY5 is repressed, and HY5 levels are ob-
served to rise (see Wang et al., 2001). Neither in yeastmediate a constitutive light response (Yang et al., 2000).
This constitutive response was observed for CCT from nor in Arabidopsis is the binding of CRY to COP1 found
to be light dependent, with these two proteins beingboth CRY1 and CRY2, but not with mutant CCT se-
quences corresponding to loss-of-function cry1 alleles. bound constitutively in both cases (Yang et al., 2001).
One interpretation of these data is that there exists aThese observations demonstrated that CCT, which
lacks the flavin and therefore cannot respond to light, CRY1:COP1:HY5 heterotrimeric complex and that the
effect of light on CRY1 is to attenuate the ubiquitin ligaseperforms a role over and above that of simply binding
the signaling partner. The signaling potential of CCT properties associated with COP1, the outcome being
that HY5 no longer undergoes proteasome-mediatedmust be repressed in the dark in the native CRY mole-
cule, and the role of light is to relieve this repression, degradation. This light-dependent change in the proper-
ties of COP1 must in some way be mediated through apossibly via an intramolecular redox reaction involving
the flavin and resulting in an alteration in the activity of change in CCT (Figure 3A). Note that in contrast to the
interaction between photolyase and pyrimidine dimers,CCT (Figure 2).
The properties of plants expressing CCT are similar the modification of COP1 by CRY does not depend on
transfer of an electron between the two signaling part-to the constitutive photomorphogenic phenotype of
Arabidopsis cop/det/fus mutants. By yeast two-hybrid ners, as signaling can be achieved via CCT, which lacks
the flavin cofactor.and other studies, CCT was shown to bind to COP1, a
RING finger and WD-40 repeat protein that functions It has recently been demonstrated that Arabidopsis
Review
539
constant darkness, the mutant shows deficits in phase
shifting in its behavioral response to pulses of light.
However, under light/dark (LD) conditions, these mutant
flies entrain to a new LD phase with no apparent loss
in light sensitivity relative to wild-type flies. This ability
to entrain to a new phase of LD conditions is lost under
low-intensity light in flies carrying both the cryb mutation
and norpA—this latter mutation results in loss of normal
vision but by itself has little effect on entrainment (see
Hall, 2000). These results support the existence of multi-
ple circadian photoreceptors in Drosophila. Consistent
with this idea is the finding that Drosophila uses at least
three light-input pathways: the pacemaker cells and the
compound eye, as well as extraocular photoreception.
Double mutant glass; cry flies, which lack all eye struc-
tures as well as cryptochrome, were shown to exhibit
no entrainment of circadian rhythms (Helfrich-Forster et
al., 2001).
Whereas initial studies of Drosophila CRY concen-
trated on its role as a photoreceptor associated with
the central oscillator residing within lateral neurons of
the brain, it was later shown, as in mammals (see below),
that in other situations CRY may perform a central role
in the circadian oscillator (Krishnan et al., 2001). Flies
exhibit circadian rhythms in their olfactory responses,
reflecting a peripheral oscillator residing in the anten-
nae. These rhythms are lacking in cryb mutants and, in
contrast to rhythms of the central oscillator, cannot be
restored by entrainment to temperature cycles. From
these studies, it was concluded that there are funda-
mental differences in the mechanisms of the central and
peripheral oscillators of Drosophila and, in the latter
case, CRY functions in a light-independent manner.Figure 3. A Comparison of the Signaling Mechanism of Arabidopsis
In order to further understand the role of CRY in theand Drosophila CRY
Drosophila circadian clock, the interaction between CRY(A) In Arabidopsis, the effect of light on the binding of CRY to COP1
and both PER and TIM has been examined. In culturedis to attenuate the proteasome-mediated degradation of HY5 that
Drosophila S2 cells, CRY was shown to block the inhibi-occurs in the dark.
(B) In Drosophila, light alters the binding of CRY to TIM, facilitating tion by PER and TIM of CLOCK-mediated transcription
proteasome-mediated degradation of the latter. (Ceriani et al., 1999). This effect of CRY on PER and TIM
(C) The CRY molecule depicted here is a hypothetical composite of activity is light dependent and appears to involve direct
the Arabidopsis (AtCRY) and Drosophila (dCRY) molecules. In the interaction of CRY with TIM, although the binding of thedark dCRY binds via CNT to both PER and TIM and AtCRY binds
latter two proteins appears not to be dependent on light.via CCT to COP1.
In yeast cells, where a direct physical interaction be-(D) In the presence of light, the bound flavin is presumed to undergo
tween CRY and TIM was demonstrated, this interactiona redox reaction, resulting in a conformational change in CRY. The
outcome is that the nature of the binding between CNT and PER is light dependent. A light-dependent interaction in yeast
and TIM is altered for dCRY and, similarly, the binding between CCT was also reported for CRY and PER, and an interaction
35 and COP1 is modified in the case of AtCRY. was observed for these proteins in S2 cells in the dark
(Rosato et al., 2001). These combined studies suggest
CRY2 undergoes blue light-dependent phosphorylation that in flies, there is an interaction between CRY and
(Shalitin et al., 2002). It was also found that CCT2 (the both TIM and PER. The yeast studies suggest that these
C-terminal domain of CRY2) was phosphorylated in a interactions are modified in some way by light—these
constitutive manner in transgenic plants expressing this modifications must be sufficiently subtle that they were
C-terminal fragment. In this respect, CCT2 functions like not detected in the reported studies in S2 cells. In these
light-activated CRY2, consistent with the proposal that respects, the effect of light on CRY may be similar in
once removed from its native context, CCT is activated flies to that proposed for Arabidopsis (Yang et al., 2001).
in a manner analogous to that in the active CRY molecule However, in contrast to the Arabidopsis findings where
(Yang et al., 2000). Whether this phosphorylation is re- it is the C-terminal domain (CCT) that interacts with the
quired for signaling or simply modulates the activity or signaling partner, it is the N-terminal domain (CNT) of
the level of CRY2 has not been established. Drosophila CRY that interacts with PER and TIM. Remi-
niscent of the activity of CCT in transgenic Arabidopsis,
The Function and Mode of Action of Drosophila this CNT fragment of Drosophila CRY (in contrast to full-
Cryptochrome length CRY) binds PER constitutively in yeast (Rosato
The original cryb mutant of Drosophila is deficient in et al., 2001).
CRY protein levels are reduced in S2 cells in the pres-some, but not all, circadian responses. For example, in
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ence of light, and this appears to be due to proteasome- suppression of locomotor activity by light and distinct
from the effect of light on phase-shifting of circadianmediated degradation (Lin et al., 2001). This degradation
rhythms. In order to explore the identity of the photore-is not observed for the cryb mutant, containing a lesion
ceptor responsible for the masking of locomotor activitywithin the flavin binding domain, suggesting that the
in cry1; cry2 mutants, mice lacking rods and cones asflavin is required for this activity. Furthermore, this light-
well as cryptochromes were generated (Selby et al.,dependent degradation of Drosophila CRY is attenuated
2000). These rods and cones are the specialized cellsin the presence of inhibitors of redox reactions, similar
in the eye that contain the opsin photoreceptors usedin this respect to the findings for Arabidopsis CRY (Long
for vision. With respect to their running activity, the cry1;and Jenkins, 1998). TIM protein levels, like that observed
cry2; rd triple mutants lacked almost all sensitivity tofor CRY in S2 cells, are reduced in flies in response
light when maintained under LD conditions, with thisto light treatment; this light sensitivity is similarly not
deficiency in light sensitivity contrasting with the behav-observed in cryb mutant flies and apparently involves
ior of either the rd mice or the cry1; cry2 mice. Further-ubiquitination of TIM (Lin et al., 2001).
more, the induction of c-fos, a gene that is stronglyIt is intriguing that a primary component of the mode
expressed in the SCN in response to acute light pulses,of action of both plant and animal cryptochromes appar-
was severely reduced in the triple mutants, more so thanently involves the effect of light on proteasome-medi-
in the cry1; cry2 or the rd mutants. From these studies,ated protein degradation. In Arabidopsis, light attenu-
it was concluded that in addition to their role in visualates the proteasome-mediated degradation of HY5 that
photoperception, the classical opsin photoreceptorsoccurs in the dark; in blue light, this effect requires
also function in nonvisual photoperception and in thecryptochrome and conceivably involves a heterotrimeric
latter case, there is a functional redundancy with theCRY:COP1:HY5 complex (Figure 3A). By contrast, light
cryptochromes.triggers proteasome activity in Drosophila (Figure 3B).
To further characterize the role of retinal-based opsinsIn both cases, the evidence suggests that these protein
in circadian photoperception, mutant mice were pre-interactions occur in the dark and that they are modified
pared lacking retinol binding protein (Thompson et al.,in some way by light, presumably involving a change in
2001). This RBP protein is required for transport of reti-the conformation of CRY, resulting from a flavin-medi-
nol from the liver to the retina, where retinol is convertedated redox reaction (Figures 3C and 3D). This change
to retinal that serves as the opsin chromophore. Afterin CRY alters the properties of both CNT and CCT that,
a period of time on a vitamin A-deficient diet, rbp mutantin turn, affect PER and TIM (in Drosophila) and COP
mice are visually blind, yet they retain signaling throughand HY5 (in Arabidopsis). Whether this light-induced
the retinohypothalmic tract, as indicated by essentiallymodification of the activity of CNT and CCT is simply
normal light induction of per1 and per2 expression in thethe result of an intramolecular reaction or reflects the
SCN. It was concluded that the photoreceptor mediatinginvolvement of additional factors (Rosato et al., 2001;
these processes was likely non-opsin based. The cryp-Yang et al., 2000) remains to be determined.
tochromes, previously shown to be expressed in the
RGCs, were considered the most likely candidates.Mammalian Cryptochromes Perform an Essential
Further evidence in support of a role for crypto-Role in the Functioning of the Circadian Oscillator
chromes as mammalian photoreceptors for nonvisualWhereas mice lacking both cry1 and cry2 exhibit appar-
responses has come from a study of pupillary light re-ently normal oscillations in their behavior under LD
sponses (Van Gelder et al., 2003). Whereas cry1; cry2conditions, they possess a striking arrhythmic running
mutant mice show a light-dependent pupillary constric-
activity under constant darkness, indicating that cryp-
tion similar to that of wild-type, triply mutant cry1; cry2;
tochrome proteins are essential for the maintenance
rd mice showed a severe reduction in their response,
of circadian rhythmicity (van der Horst et al., 1999). A much more so than the attenuation observed for the rd
molecular basis for the requirement of cryptochromes mice. Thus, the cryptochromes act in concert with the
in the functioning of the mammalian clock was provided photoreceptors of rods and cones in nonvisual photo-
in studies from the laboratories of Reppert and Weitz perception.
(see Reppert and Weaver, 2002). The mouse CRY1 and Even though the photoreceptors associated with the
CRY2 proteins interact with and translocate each of the rods and cones of the mammalian eye appear to be not
three mouse PER proteins to the nucleus. Furthermore, essential for circadian entrainment, an opsin molecule
transfection studies indicate that both CRY1 and CRY2 was still considered by many to be the most likely candi-
inhibited transcription driven by CLOCK and BMAL, pro- date for the photoreceptor mediating entrainment. A
teins required for the expression of PER and CRY genes. new opsin, melanopsin, was described by Provencio
These studies establish CRY1 and CRY2, along with et al. as the photoreceptor for the photosensitivity of
the three PER proteins, as essential negative regulatory melanophores in Xenopus laevis (see Berson et al.,
components of the mammalian circadian clock. 2002). Melanopsin is also found in the eyes of mammals,
where it resides in a subset of RGCs that project to the
A Role for Cryptochromes SCN and are known to transduce the entraining photo
as Mammalian Photoreceptors signal from the eye to the primary circadian pacemaker
The observation that cry1; cry2 mutant mice show nor- (Berson et al., 2002). For these reasons, melanopsin
mal behavioral oscillations under LD conditions demon- was considered an excellent candidate for the entraining
strates that the cryptochromes are not essential for the photoreceptor.
so-called masking effect of light on mouse behavior It was of interest to examine melanopsin-deficient
mice, and two reports describe such studies (Panda et(van der Horst et al., 1999). This masking response is a
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al., 2002; Ruby et al., 2002). In both cases, the behavioral gene expression profiling indicates that some genes are
more strongly expressed in the mutant than the wild-activity of these mice could be entrained to LD cycles
and they exhibited apparently normal free running be- type strain. From an X-ray crystallographic study of the
Synechocystis CRY protein, it was observed that FADhavioral rhythms in constant darkness. Thus, like rho-
dopsins and cryptochromes, melanopsin is not essential was bound in the U-shaped conformation previously
found for type I photolyases (Brudler et al., 2003).for normal oscillations in behavior under LD conditions
nor, in contrast to cryptochrome, is it required for free Clearly, if we define cryptochromes as a photolyase-
like molecules lacking photolyase activity, then our ear-running rhythms. Also, the knockout mice show the nor-
mal masking of activity when exposed to a period of lier conclusions concerning the origin of cryptochromes
no longer holds. However, the evolutionary history of thelight in the dark phase after being entrained under LD
conditions. However, both investigations demonstrated cryptochrome/photolyase family remains as fascinating
as ever. For example, the Synechocystis CRY is notthat the melanopsin null mice showed a deficiency in
circadian phase shifting when exposed to a brief pulse orthologous to Arabidopsis CRY1 and CRY2—the Arabi-
dopsis ortholog for this bacterial cryptochrome beingof light. Phase shifting still occurred under all conditions
tested, but with low irradiance the response of the mu- the newly described Arabidopsis CRY3 (Kleine et al.,
2003). An intriguing finding concerning the nuclear-tant mice was strongly attenuated. Furthermore, the
lengthening of the free running period that is normally encoded Arabidopsis CRY3 is that it is targeted to both
chloroplasts and mitochondria. In view of this and onobserved for mice in constant light was less pronounced
in the mutants. the basis of sequence analysis, it was suggested that
the origin of Arabidopsis CRY3 may reflect an endosym-Two recent papers have clearly established the impor-
tance of both the opsin photoreceptors of rods and biotic event distinct from that postulated to have given
rise to Arabidopsis CRY1 and CRY2; the former se-cones as well as melanopsin in circadian phase shifting
and other nonvisual photoperception (Hattar et al., 2003; quence possibly having evolved from an endosymbiont
related to cyanobacteria and the latter two CRY se-Panda et al., 2003). In both reports, mutant mice lacking
both classes of photoreceptors were shown to exhibit quences being derived from an endosymbiont related
to an ancestral -proteobacterium (Kleine et al., 2003).cyclical locomotor activity under LD as well as constant
dark conditions, indicative of a functioning circadian The existence of a prokaryotic cryptochrome se-
quence allows one to reexamine an even more basicclock. However, under LD conditions, the behavioral
rhythms of the mutant mice showed a period length question concerning the evolution of this gene family:
which came first, cryptochrome or photolyase? The ap-of less than 24 hr, with this shortened period being
characteristic of both mutant and wild-type mice kept parent absence of a bacterial cryptochrome initially gave
this “honor” to photolyases. In retaining this order ofin constant darkness. For these reasons, the phase of
activity did not correspond to the 24 hr LD cycle, with the priority, Brudler et al. (2003) have suggested that the
Synechocystis CRY may have evolved from a photolyasemice being essentially totally deficient in both circadian
entrainment and the masking effect of light. Further- as a redox-regulated transcriptional regulator. However,
is it not possible that an ancestral flavoprotein firstmore, the mutant mice failed to show any significant
pupillary light response. From these and earlier studies, evolved into a molecule mediating a light-dependent
redox reaction that did not involve photolyase activity?it is now clear that there is an essential, albeit redundant,
requirement in circadian entrainment, as well as pupil- By “definition” this would be a cryptochrome and would
be the evolutionary precursor to both the cryptochromeslary light reflex, for either the visual photoreceptors or
melanopsin. and photolyases that we know today.
Why the Controversy ConcerningEvolution of the Cryptochrome/Photolyase
Gene Family Mammalian Cryptochromes?
In the final section of this review, I would like to return toWe have previously noted that the plant and animal
cryptochrome genes are not orthologs (Cashmore et al., the discussion concerning mammalian cryptochromes
and the role that they play in nonvisual photoperception.1999). This conclusion is based on the fact that the
animal cryptochrome sequences are more similar to the The potential claim that mammalian cryptochrome
serves as a photoreceptor for entrainment has been(6-4) photolyases than they are to plant cryptochromes.
Indeed, the Drosophila and mammalian cryptochrome complicated by at least two factors. Firstly, when mice
lacking both cryptochromes are moved from LD condi-sequences are more similar to Arabidopsis (6-4) photoly-
ase than they are to Arabidopsis CRY1 and CRY2. We tions to constant darkness, they fail to exhibit the normal
free running circadian oscillations in behavior, reflectingalso argued that cryptochromes were likely of eukaryotic
origin as, at the time, no prokaryotic cryptochromes had the essential role of cryptochrome in the central oscilla-
tor (van der Horst et al., 1999). Because of this, it hasbeen described. This latter conclusion must now be
modified in light of a recent finding that there exists, not been possible to perform phase-shifting experi-
ments with these mice and, thus, the classical approachboth in bacteria (Synechocystis) and Arabidopsis, a new
class of cryptochromes (Brudler et al., 2003; Kleine et to evaluating a role in entrainment cannot be performed
in the case of cry mutants. Indeed, any phenotype asso-al., 2003). Like other cryptochromes, this new family of
proteins shows sequence similarity to photolyases and ciated with these cry mutants is open to the interpreta-
tion that it may be an indirect effect reflecting the mal-binds a flavin, yet lacks detectable photolyase activity.
No physiological phenotype has been detected for a functioning of the clock, an apparently unavoidable
consequence of such mutants.mutant Synechocystis lacking the cry gene, although
Cell
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It has been argued that the action spectrum for phase the activity of melanopsin, but also the action of crypto-
chrome.shifting of mammalian behavioral rhythms is consistent
with that of a retinal-based opsin and not that of a cryp- The essential part performed by cryptochrome in the
function of the central oscillator means that it is difficulttochrome. Whereas the first part of this argument may
well be correct, the second component of the argument to address its role in entrainment. It is now quite clear
that the rods and cones along with melanopsin serverequires further comment. The primary chromophore of
cryptochrome is a flavin—this flavin can exist in three an essential role in both the masking and phase resetting
of the mouse circadian clock (Hattar et al., 2003; Pandadifferent redox states: FAD, FADH, and FADH2. The ab-
sorption properties and, therefore, any resulting action et al., 2003). Whereas this role clearly cannot be dupli-
cated by cryptochrome, this observation does not allowspectrum of these different redox states varies consider-
ably (Lin et al., 1995). The redox state of E. coli photoly- one to conclude that cryptochromes do not serve a role
in these processes.ase as commonly isolated is in the form of the semiqui-
none, yet the catalytically active form of the flavin is In conclusion then, mammalian cryptochromes clearly
play a central and essential role in the circadian oscilla-FADH, the anion of the fully reduced FADH2 (Sancar,
2003). By contrast, Arabidopsis CRY1, when expressed tor. In keeping with the location of the master circadian
oscillator within the SCN, this role of mammalian CRYand isolated from insect cells, contains a flavin in the
fully oxidized FAD form (Lin et al., 1995)—the catalyti- is independent of light. In addition, mammalian CRYs,
like those in plants and Drosophila, apparently functioncally active in vivo form of this flavin is not known, nor
is it known for any other cryptochrome. To interpret as photoreceptors. This role includes the regulation of
gene expression, enhancing pupillary light responses,cryptochrome action spectra, one needs to know the
redox state of the chromophores in vivo—at least in the and modulating the masking effect of light on behavior.
Whether or not cryptochromes play a role in phase shift-case of photolyases, these are not one and the same
thing, nor are they readily determined (Sancar, 2003). ing of the mammalian clock is not readily addressed;
however, in contrast, I suspect to popular perception,These problems associated with the interpretation of
action spectra are substantially compounded by the fact such a role has not been ruled out. Indeed, it is possible
that the modes of action of mammalian and Drosophilathat cryptochromes are likely to contain a second chro-
mophore, as do photolyases (see Cashmore et al., 1999; cryptochromes are not as dissimilar as once thought,
performing in certain situations both a central role inSancar, 2003). This second chromophore harvests light
energy, with the resulting excitation energy being trans- the oscillator and functioning as photoreceptors.
ferred to the catalytic chromophore (Figure 1). The ab-
Referencessorption properties of the light-harvesting chromophore
may be substantially stronger as well as qualitatively
Ahmad, M., and Cashmore, A.R. (1993). HY4 gene of A. thalianadifferent from those of the catalytic flavin and will also
encodes a protein with characteristics of a blue-light photoreceptor.
vary according to redox state and protein environment. It Nature 366, 162–166.
is for these reasons that the particulars of any circadian Berson, D.M., Dunn, F.A., and Takao, M. (2002). Phototransduction
action spectrum cannot be used, at this stage of our by retinal ganglion cells that set the circadian clock. Science 295,
knowledge, to eliminate cryptochrome as a candidate 1070–1073.
photoreceptor. Brudler, R., Hitomi, K., Daiyasu, H., Toh, H., Kucho, K., Ishiura, M.,
So is it, or isn’t it? Is cryptochrome a mammalian Kanehisa, M., Roberts, V.A., Todo, T., Tainer, J.A., and Getzoff,
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function, and evolution. Mol. Cell 11, 59–67.photoreceptors in plants and in flies, and yet in mam-
Cashmore, A.R., Jarillo, J.A., Wu, Y.J., and Liu, D. (1999). Crypto-mals, by some evolutionary twist, do they provide an
chromes: blue light receptors for plants and animals. Science 284,essential component of the oscillator but fail to function
760–765.as photoreceptors? This is certainly possible but some-
Ceriani, M.F., Darlington, T.K., Staknis, D., Mas, P., Petti, A.A., Weitz,how I suspect not. At a minimum, mammalian crypto-
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